Mutation of the leucine-rich repeat kinase 2 (LRRK2) gene is the most frequent genetic cause of Parkinson disease (PD). To understand the role of LRRK2 in the neuropathology of PD, we investigated the protein expression in a healthy brain and brains from patients with PD and its subcellular localization in dopaminergic neurons. LRRK2 was found to be widely expressed in healthy adult brain, including areas involved in PD. By double fluorescent staining, we found that endogenous LRRK2 is colocalized with the endoplasmic reticulum (ER) markers Neurotrace and KDEL in human dopaminergic neurons. Labeling of brain sections with anti-LRRK2 and antiY>-synuclein antibodies revealed localization of LRRK2 in the core of 24% of Lewy bodies (LBs) in the substantia nigra and 11% of LBs in the locus coeruleus in idiopathic PD patients. The percentage was increased to 50% in both areas in a patient with the G2019S LRRK2 mutation. The finding of ER localization suggests the possibility that LRRK2 is involved in the ER stress response and could account for the susceptibility to neuronal degeneration of LRRK2 mutation carriers. The localization of LRRK2 protein in the core of a subset of LBs demonstrates the contribution of LRRK2 to LB formation and disease pathogenesis.
INTRODUCTION
Parkinson disease (PD) is the second most common neurodegenerative disorder after Alzheimer disease; it is the most common movement disorder affecting 0.6% to 2.6% of people older than 65 years (1) . Major symptoms are progressive motor impairment with variably associated resting tremor, muscular rigidity, bradykinesia, and postural instability (2, 3) . The neuropathological hallmark of PD is a progressive loss of dopaminergic neurons in the substantia nigra (SN) and the presence of Lewy bodies (LBs), often associated with Lewy neurites (LNs) in surviving neurons (4, 5) . Although most PD cases are idiopathic, a small proportion of patients carry a single gene defect (monogenic forms). In the last decade, at least 13 loci and 9 genes have been discovered that are associated with both autosomal dominant or recessive forms of PD (6) . Mutations in the leucine-rich repeat kinase 2 gene (LRRK2, PARK8 locus) were identified in families with autosomal-dominant, late-onset parkinsonism (7, 8) , and in more than 3% of idiopathic PD cases (9) . More than 50 different variants have been found (6, 10) ; only 11 have been proven to be pathogenic with age-dependent penetrance (10, 11) . One particularly common mutation, G2019S, located in the LRRK2 exon 41, is of major importance because it accounts for 4% of patients with familial PD and for more than 1% of apparently idiopathic cases (11) . The prevalence of this mutation depends on the origin of the population (12Y14) and its penetrance seems to be age-dependent and incomplete (11) .
It seems that the clinical phenotype in LRRK2 patients is indistinguishable from that of idiopathic PD and their responses to dopamine-replacement therapy are generally excellent (11) . LRRK2-associated PD may have a more benign progression than idiopathic PD (11) , although DOPA-induced dyskinesia might be more frequent (15) . Most patients with the LRRK2 mutation, with or without a familial history, have typical LB neuropathology and SN degeneration as in idiopathic cases (16) . In several cases, however, no inclusions have been detected (17Y21), or the disease may present with a tauopathy (22, 23) or as frontotemporal dementia with ubiquitin+ inclusions (24) . Remarkably, pathological markers may vary among carriers of the same mutation, even in the same family (21, 22) .
LRRK2 is a large multidomain protein (286 kDa) belonging to the Roco protein family (25, 26) . It possesses several protein interaction motifs (ankyrin repeats, leucinerich repeat regions, a WD40 domain [27] ) and 2 catalytic domains that confer dual enzymatic activity and carry the more frequent disease-associated mutations (6) ; these are a Ras in complex proteins domain, with similarity to the Ras/ GTPase superfamily, and a serine/threonine kinase catalytic domain, highly similar to the catalytic domains of mitogenactivated protein kinase kinase kinases. LRRK2 kinase activity is variably affected by the identified gene mutations (28Y35); some mutations preserve it or reduce it slightly, whereas others (including G2019S) increase it significantly, suggesting that a dominant gain-of-function mechanism may underlie the disease (33) . Although some alterations of the MAPK signaling pathway were reported in leukocytes isolated from LRRK2-associated PD patients (36) , the cellular function of LRRK2 and the molecular mechanism linking LRRK2 mutations to neuronal toxicity remain unknown.
Immunohistochemical studies have shown that the LRRK2 mRNA and protein are expressed in most regions of mouse and rat brains (37, 38) (including those areas affected in PD [39] ) and in dopamine-innervated areas (40) . LRRK2 protein is also widely expressed in the human brain (41, 42) and other organs (7, 17, 18) . It is predominantly cytoplasmic, but cell fractionation experiments have demonstrated its partial association with membranous and vesicular structures, including lipid rafts (43) , early endosomes, lysosomes, synaptic vesicles (44) , plasma membrane, Golgi apparatus (43), outer mitochondrial membrane (45) , and microtubule network (46) , thus suggesting a role in membrane trafficking. Similar localization patterns were described in cells that overexpress LRRK2 (28, 30, 43) .
Several studies have demonstrated the presence of LRRK2 immunostaining in LBs in human brains (41, 47Y50) , although at least 1 group has disputed this observation (18, 51) . Thus, the patterns of expression of LRRK2 and its colocalization with LBs reported in the literature are controversial, possibly because of the differences in the accessibility of the epitopes recognized by the antibodies (Abs) used, but also to the questionable specificity of some of them (37, 42, 52) . Here, we analyzed the regional, cellular, and subcellular localization of LRRK2 in the human brain using a polyclonal Ab selected for its specificity. We compared LRRK2 immunostaining in healthy individuals and in 6 idiopathic PD patients and searched for its presence in LBs. We also characterized a new PD patient carrying the common G2019S LRRK2 gene mutation at the histopathological level and compared the localization of LRRK2 in this and in idiopathic PD cases.
MATERIALS AND METHODS

Patients and Controls
Idiopathic PD cases (characterized histopathologically by a neuronal loss in the SN and the presence of LBs by routine and >-synuclein staining) and age-matched controls without neurological lesions (6 per group) were selected from La Salpêtrière Escourolle Neuropathology Laboratory. The idiopathic PD and control cases were genotyped and did not harbor the more frequent mutations found in LRRK2 gene.
An additional screen was performed in the Brain Bank BGIE NeuroCEB[ run by a consortium of Patients Associations (including France Parkinson Association) and declared to the Ministry of Research and Universities, as requested by French Law. An explicit consent had been signed by the patient, or by the next of kin in the name of the patient, in accordance with the French Bioethical Laws. The project was approved by the ad hoc committee of the Brain Bank. At the time of death, the body was transported to the pathology department of a university hospital belonging to the NeuroCEB network where the brain was removed. One hemisphere, randomly left or right, was fixed in buffered 4% formaldehyde for the neuropathological diagnosis of PD. The other hemisphere was immediately sliced and kept in a deep freezer at j80-C. Samples from the frontal lobe, approximately 3 mm 3 in volume, were taken for DNA extraction in the 60 cases for which there was a specific consent allowing postmortem genetic analysis.
The screen led to the identification of a single case carrying the G2019S mutation in LRRK2. The patient was a 79-year-old woman who presented with a resting tremor, severe muscular rigidity, and bradykinesia since the age of 48 years. She had been treated with L-DOPA for 25 years, initially with a good therapeutic response. Progressive motor decline and cognitive deficit with hallucinations were noted in the last years of her life. Samples of the right hemisphere were embedded in paraffin.
The brain of a patient aged 74 years who died of ischemic cardiopathy without neurological lesions was used for the study of LRRK2 expression as a control. The family had given informed consent for research.
Immunofluorescence and Immunohistochemistry
Cos-7 cells were transfected to produce full-length LRRK2 protein with Lipofectamine reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Cells were then fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, incubated with 4% bovine serum albumin, 4% normal goat serum in phosphate-buffered saline (PBS) and processed sequentially with primary and secondary Abs. For tissue staining, 5-Km-thick sections were prepared Semiquantitative analysis of neuronal LRRK2 expression in the healthy human brain using the AT106 anti-LRRK2 polyclonal antibody.
Scale: 0 = absence, T = very weak, + = weak, ++ = moderate, or +++ = strong expression.
TABLE 1. (Continued)
Brain Area LRRK2 Neuronal Expression from paraffin blocks of formalin-fixed central nervous system tissue obtained at the time of autopsy. After removal of paraffin with xylene and rehydration in graded ethanol solutions, sections were either stained with hematoxylin and eosin or processed for microwave heatYinduced antigen retrieval (3 times, 5 minutes at 350 W) in 10 mmol/L citrate buffer. For immunoperoxidase staining, endogenous peroxidase activity was blocked with 1% H 2 O 2 in 20% methanol solution for 10 minutes at room temperature (RT). Sections were permeabilized, and nonspecific epitopes were blocked with 0.2% Triton and 4% bovine serum albumin and 4% normal goat serum in PBS. LRKK2 Abs were incubated 36 hours at 4-C. After washing with PBS Tween 0.1%, sections were successively incubated with biotinylated secondary antirabbit IgG Ab (Vector Laboratories, Burlingame, CA) for 1 hour at RT and then with avidin and biotinylated horseradish peroxidase complex (ABC Standard Elite Kit; Vector Laboratories). The signal was revealed by incubating the sections in 0.25 mol/L Tris-HCl, pH 7.4, containing 0.5% of the peroxidase substrate, 3,3 ¶-diaminobenzidine tetrahydrochloride, and 0.015% H 2 O 2 (BioGenex Laboratories, San Ramon, CA). The sections were dehydrated in an ascending series of ethanol concentrations, cleared in xylene, and mounted with Eukitt Mounting Medium (BioGenex).
For double immunofluorescent staining, the sections were incubated for 36 hours at 4-C with anti-LRRK2 Ab. Z-stacks pictures of LBs were taken every 0.5 Km. Colocalization between LRRK2 and organelles was analyzed in dopaminergic neurons with ImageJ software using the Bcolocalization thresholds[ plug-in with an automatic thresholding. For each experiment, between 12 and 20 cells were selected as a region of interest, and the correlation intensity distribution between the 2 stainings was scored with the Pearson coefficient (PC).
Western Blot Analysis
Immunoblots were performed on total protein extract from HEK-293 cells transfected to produce human fulllength LRRK2 protein (a kind gift from Novartis, Basel, Switzerland). Proteins were resolved in a 3% to 8% gradient gel, transferred to nitrocellulose, and detected using anti-LRRK2 Abs from the following sources with indicated dilutions: AT106, 1:1000 (Alexis Biochemicals, Farmingdale, NY); AP7099b, 1:1000 (Abgent, San Diego, CA); 2567S, 1:1000 (Cell Signaling Technology, Danvers, MA); and NB300-268, 1:1000 (Novus Biologicals, Littleton, CO). Antitubulin (T6557, 1:3000; Sigma-Aldrich, St Louis, MO) was used as a loading control. After washing in PBS and 0.05% Tween 20, membranes were incubated with antimouse or antirabbit IgG conjugated to horseradish peroxidase (1:20,000; Jackson ImmunoResearch Laboratories). The immune complexes were revealed using chemiluminescent detection reagents (Pierce, Rockford, IL).
Competition Assays
For competition assays, Abs were preincubated overnight at 4-C with a 500-fold excess of the purified kinase domain after production in bacteria (kind gift from Novartis). Abs were then used for Western blot, immunofluorescence, or immunohistochemistry.
Antibodies
The anti-LRRK2 Abs listed above were used for immunohistochemical and immunofluorescent experiments in the following concentrations: AT106 
RESULTS
Commercially Available Antibodies Recognize Overexpressed and Endogenous Human LRRK2
To select a specific anti-LRRK2 Ab, we performed Western blot analyses, immunofluorescent labeling of transfected cells and immunohistochemical labeling of human brain sections using 4 different commercially available polyclonal Abs. Cos-7 cells transfected to produce full-length human LRRK2 protein and subjected to immunofluorescent labeling with AT106, directed against the kinase domain of the LRRK2 protein, showed intense cytoplasmic staining that was not observed in nontransfected cells (Fig. 1A) ; this signal disappeared after preabsorption of the Ab with the purified kinase domain produced in bacteria (Fig. 1B) . In contrast, no difference was observed with AP7099b and NB300-268 Abs between transfected or nontransfected cells (data not shown). Similarly, the LRRK2 immunoreactivity (IR) observed on paraffin-embedded brain sections incubated with AT106 (Fig. 1C) or 2567S (not shown) disappeared after preabsorption with the purified kinase domain (Fig. 1D) or when the primary Ab was omitted (data not shown). Because the quality of the immunostaining was optimal with AT106, we assessed its specificity further by competition assays with the kinase domain in Western blot experiments (Fig. 1E) . The Ab recognized a 280-kDa protein in HEK-293 extracts from cells transfected to produce full-length LRRK2, whereas, as expected, the signal nearly completely disappeared after preabsorption. On the basis of these results we used the AT106 and occasionally the 2567S Abs in all subsequent experiments.
LRRK2 Is Widely Expressed in Different Brain Regions and Cell Types in the Healthy Human Brain
AT106 was used to characterize the distribution of LRRK2 protein in the healthy aged human adult brain. Different brain regions were stained, and relative levels of LRRK2-IR were evaluated in each region (Table) . LRRK2-IR was observed throughout the brain and was found to be intense in the neurons of several nuclei in the medulla, midbrain, thalamus, hypothalamus, and in the Meynert basal nucleus; staining was moderate in the SN and locus coeruleus (LC) and weak in the caudate nucleus and putamen (Figs. 2,  AYD) . Strong LRRK2-IR was also found in the walls of veins and arteries (Fig. 2F) , as described by Zhu et al (52) . This staining disappeared when the primary Ab was omitted (data not shown). Occasionally, there were a few thin fibers with regularly spaced dilations (reminiscent of a necklace) in the SN, LC, motor cortex, and Meynert basal nucleus of several control brains analyzed with both AT106 and 2567S Abs (Fig. 2E ). LRRK2-IR was also observed in glial cells in the amygdala, hippocampus, and isocortex (Fig. 2I) .
To validate the expression of LRRK2 in different cell types, we performed double fluorescent staining. LRRK2-IR was observed in TH+ dopaminergic neurons of the SN (Figs. 3, A-Aµ) . It was also seen in astrocytes and macrophages, as illustrated by double staining for LRRK2 and GFAP (Figs. 3, B-Bµ) or CD68 (Figs. 3, C-Cµ) in the amygdala.
LRRK2 Is Localized in the Endoplasmic Reticulum of Normal Dopaminergic Neurons
Immunohistochemical staining with AT106 and 2567S Abs revealed that LRRK2-IR was mainly localized in the cytoplasm. The IR was variously punctate depending on the cell type (Figs. 3, AYC) . On a more detailed examination, the LRRK2 protein seemed to be heterogeneously distributed; mottled staining with a Nissl-like appearance was prominent in large cells, including dopaminergic neurons of the SN and neurons of the III nerve nucleus (Figs. 2G, H, 3A, 5 , B, D, and H); staining was absent when primary Ab was omitted or when the Ab was preabsorbed with LRRK2-purified kinase domain ( 
LRRK2 Staining Is Specifically Altered in Dopaminergic Neurons of Idiopathic PD Patients and Localizes to the LB Core
In the SN from clinically affected PD cases, surviving dopaminergic neurons were less intensely immunolabeled than in the control cases; they had occasionally a few small clumps of Nissl substance or more diffuse staining (Figs. 5, A , B, E, and F). By contrast, most of the large neurons in the III nerve nucleus were intensely stained with Nissl-like pattern, regardless of the disease status of the individuals (Figs. 5, C , D, G, and H). The density of the necklace-shaped fibers (Fig. 2E) was variable among the cases but was not significantly different between controls and PD patients, and no colocalization of necklace-shaped LRRK2-IR with >-synuclein labeling was observed (data not shown).
In contrast, the AT106 Ab revealed abnormal immunopositive accumulations in the cell body or neurites of neurons in the affected SN (Figs. 6C, D) . Moreover, intraneuronal and ectopic Lewy inclusions with more or less intense LRRK2-IR were found in the PD cases (Figs. 6A, B) ; the LRRK2-IR most often identified the central core of the LB and was absent when the primary Ab was omitted (data not shown). Double immunofluorescent staining of midbrain and pons sections was performed with AT106 and antiY>-synuclein Abs. In the SN, more than a total of 90 >-synuclein+ LBs were analyzed by confocal microscopy: 7.8% T 2.0% had strong LRRK2-IR in the core, 15.7% T 5.8% were only moderately labeled in the core, and 76.4% T 6.2% were LRRK2-negative (Figs. 6, E-Gµ). In the LC, more than 80 >-synuclein+ LBs were analyzed: 1% T 0.6% had strong LRRK2-IR in the core, 10.6% T 2.6% were only moderately labeled in the core, and 88.4% T 2.7% were LRRK2-negative. The neuritic pattern showed in Figure 6D was confirmed in the LRRK2-and >-synuclein double stainings. Moderate LRRK2-IR was found in 20% of >-synuclein+ LNs of idiopathic PD patients. No LRRK2-IR was found in thin >-synuclein+ neurites (data not shown).
Pathological Findings in a Patient With the G2019S Mutation
In the brain of a carrier of the G2019S mutation of the LRRK2 gene, there was depigmentation of the SN and LC; neuronal loss was massive in these regions and moderate in the amygdala and Meynert basal nucleus (Fig. 7A) . Immunohistochemical characterization revealed >-synuclein+ LBs and dystrophic neurites in the SN, LC and Meynert basal nucleus (Figs. 7, B-D) . Lewy bodies were also found in pyramidal cells of the hippocampus, the cingulate gyrus, and the amygdala. Lewy neurites were present in the CA2-3 sector of the hippocampus. These alterations allowed the diagnosis of transitional form of LB disease (Braak stage 4 for LB disease) (55) . Unusual >-synuclein staining was detected in the cytoplasm of astrocytes in the cingulate gyrus (Fig. 7E) . The SN was devoid of neurofibrillary tangles and tau+ neurites (data not shown). Neurofibrillary tangles and tau+ neurites were present in the entorhinal cortex, hippocampus, and amygdala (Braak neurofibrillary stage III) (56) . AA+ deposits were present in the isocortex (Thal phase 1) (57).
Some remaining large neurons in the SN had the typical Nissl-like staining pattern found in normal neurons (Fig. 6F) . LRRK2 was also detected in the core of typical LBs in the SN, LC, and cortex, using the AT106 Ab (Fig. 6G) . A total of 82 >-synuclein+ LBs identified in the SN, pons, and cortex (cingulate gyrus) were scored for LRRK2-IR after double staining in the SN: 22.0% T 3.0% of the LBs were intensely labeled, 28.5% T 1.5% were only weakly decorated, and 49.5% T 4.5% did not display LRRK2-IR (Figs. 7, H-Hµ) . In the LC, 33.3% of the LBs were intensely labeled with AT106, 16.7% were weakly decorated, and 50% did not display LRRK2-IR. In the cortex of this patient, LRRK2-IR was found in the core of 5 (38.5%) out of 13 cortical LBs; no LRRK2-IR was found in LBs of a patient with dementia with LBs. As in idiopathic PD patients, approximately 20% of the >-synuclein+ LNs had moderate LRRK2-IR in the G2019S patient (data not shown).
DISCUSSION
To elucidate the role of LRRK2 in PD, we characterized the cellular and subcellular distributions of the LRRK2 protein in the healthy and pathological human brain. Controversial subcellular localizations have been previously reported, mostly in membranous and vesicular structures (43Y45), and it is still unclear whether the protein is a component of LBs (18, 37, 41, 47Y52, 58) . Because disputed specificities of the LRRK2 Abs might explain inconsistencies among the studies (59), we first tested 4 commercial Abs for their ability to recognize the endogenous and overproduced proteins. We found that the AT106 Ab directed against the kinase domain of LRRK2 showed the most reliable signals in Western blot, immunofluorescence, and immunohistochemical experiments. Competition assays with the purified LRRK2 kinase domain demonstrated the specificity of the observed immunoreactivities. These observations are in agreement with previous studies reporting on the use of AT106 in Western blot experiments. Although Covy et al (51) were not able to detect LRRK2 in human and mouse protein extracts, Zhu et al (52) showed specific recognition of overproduced LRRK2 in HEK 293T cells; a specific signal was detected for both endogenous and overproduced human LRRK2 by Biskup et al (60) . Here, we occasionally used the 2567S Ab to confirm the results obtained with AT106; it also proved to be specific in our experiments, although the intensity of the immunostaining was generally less than that observed with AT106. Neither of the Abs used in 2 previous studies of the LRRK2 distribution in different regions of the human (41) or mouse (37) brain yielded specific signals in Western blots or immunochemical labeling in our hands.
Our analysis of the physiological expression of LRRK2 confirmed the presence of the protein in most human brain regions. As in other immunohistochemical studies on human tissues (41, 42, 45, 48) , we found LRRK2-IR at moderate levels in the SN and, as observed by Alegre-Abarrategui et al (41) , LRRK2-IR was also present in moderate levels in the LC, another region subject to neurodegeneration in PD. In contrast to several previous studies (42, 45) , however, we observed only weak LRRK2-IR in dopaminoceptive regions, such as the caudate and putamen. In general, we observed widespread neuronal staining with moderate expression in areas affected by neurodegeneration in PD (SN and LC), but stronger immunoreactivities in regions where LBs are usually found (i.e., nucleus basalis of Meynert, dorsal motor nucleus of the vagus nerve). We occasionally observed necklaceshaped neurites similar to the TH+ neurites with a necklace shape recently detected in a mouse model with overproduction of a pathogenic variant of human LRRK2 (61); however, these neurites do not seem to be associated with disease in the human brain because they were found in both PD patients and healthy controls. Moreover, the LRRK2 protein was found in astrocytes and microglia as well as neurons. This observation is consistent with the previously reported ubiquitous expression of LRRK2 in the brain and other organs (47) ; it suggests a physiological role of LRRK2 in different cell types and tissues. Although the widespread expression of LRRK2 contrasts with the localized primary pathology of PD, it might underlie the pleomorphic pathologic findings observed in the brains of LRRK2-associated PD patients (16) .
Our study reveals for the first time that LRRK2 is mainly associated with the ER in neurons in the human brain. Colabeling of sections from the SN for LRRK2 and 2 ERspecific markers, namely, Neurotrace and the KDEL epitope, demonstrated correspondence of the mottled staining observed in many large neurons of the human brain with the ER. Interestingly, the Nissl-like pattern of LRRK2-IR was disturbed in the dopaminergic neurons of PD cases but not in neurons of the III nerve nucleus, suggesting specific disorganization of the normal LRRK2 distribution in dying cells.
Partial colocalization of LRRK2 with the ER had been previously suggested by immunocytochemical analysis of HEK293 cells overproducing a LRRK2-GFP fusion protein (30) . Moreover, LRRK2-IR was reported to be of Nissl-like appearance in motor neurons of the healthy human spinal cord, although the association of the proteins with the ER was not demonstrated by double immunostaining in that study (41) . The colocalization of LRRK2 with the ER is consistent with the previously reported association of the protein with membranous and vesicular structures in subcellular fractionation studies (30, 43, 45) . It suggests that LRRK2, like other members of the Roco protein family (62) , could play a role as a protein sensor in the ER stress signaling pathway; this might be in concert with its partner HSP90, which stabilizes ER transmembrane kinases implicated in the ER stress pathway (63) . The identification of other physiological protein targets for LRRK2 kinase activity and LRRK2-interacting partners will be central to unraveling the physiological role of LRRK2, and the mechanisms underlying its potentially dynamic association with the ER. Of note, the in silico analysis of LRRK2 did not reveal the presence of transmembrane domains or organelle targeting sequence (28) , suggesting that other proteins may be necessary to anchor LRRK2 to ER membranes.
The identification of LRRK2-IR in the core of a substantial proportion of LBs in the brains of PD patients is the second major finding of the present study: 24% of the LBs were decorated with the AT106 Ab in the SN of cases with idiopathic PD and 50% in a carrier of the G2019S mutation with pathological features characteristic of PD. Moreover, in the LC, the percentage of LRRK2+ LBs was also higher in the patient with the G2019S LRRK2 mutation than in the idiopathic PD cases. LRRK2 was also localized in a substantial proportion of the LNs (20%) in both idiopathic PD cases and the LRRK2 patient. With a single exception (41) , previous studies have either failed to detect LRRK2-IR in LBs (64Y66) or reported its presence in the halo of a small population of these inclusions, ranging from 10% to 15% (37, 41, 42, 48, 49, 52) . To explain the absence of staining in LBs with Abs directed against internal domains of LRRK2, it has been previously hypothesized that folded domains/regions of LRRK2 are masked in LBs, such that only sequences outside the folded domains are exposed to Abs (49, 52) . Although our observations show that the internal kinase domain of LRRK2 can be detected by AT106, Abs directed against external LRRK2 segments might more efficiently recognize the protein in LBs. Accordingly, using an Ab against the C-terminus of the protein, Alegre-Abarrategui et al (41) recently found LRRK2-IR in the core of 77% of SN LBs. The presence of LRRK2 in the central core of the LBs in idiopathic PD and LRRK2-associated patients shown by our study and by AlegreAbarrategui et al indicates that LRRK2 is not simply passively entrapped at the periphery of the inclusions but could contribute to their buildup. The protein may have the propensity to accumulate within the >-synuclein ring, or it could be associated secondarily with the misfolded proteins in both LBs and LNs. The presence of LRRK2 in LNs suggests that the formation of LNs and LBs is closely related. LRRK2 may coprecipitate with >-synuclein in the cell body and then be targeted to the neuronal processes; alternatively, it could initially accumulate with >-synuclein in the cell processes before being concentrated in the cell body, thus evolving from LNs to LBs, as suggested by Kanazawa et al (67) .
Interestingly, a significantly higher proportion of LBs had intense LRRK2-IR in 2 areas (SN and LC) of the brain of the PD patient carrying LRRK2 mutation than in that of idiopathic PD cases (27% compared with 8%, p G 0.05). The degree of this strong colocalization of LRRK2 with the core of LBs, ranging from 19% to 33% of the inclusions depending on the brain area analyzed, was significantly higher than that found in the brains of idiopathic PD patients, in which only 0% to 15% of the LBs presented intense LRRK2-IR. Although this finding needs to be confirmed in additional
